Abstract: The role of litter composition and quality on the nutrient release was studied in three month laboratory experiment. Spruce needles and leaves of four species dominant in understorey vegetation of the Norway spruce forest were collected in early autumn and incubated at 5
Introduction
The Norway spruce forests dominate in the Bohemian Forest and they undergo great changes due to disturbance (i) by the long-term N saturation over last few decades and (ii) bark beetle damage in the last years. The N saturation, which lasted from late 1960s, has been accompanied with N a nutrient leaching from the soil (Kopáček et al., 2002a, b) . It is widely accepted that N discharge from the N saturated catchments is caused by enhanced N input into the canopy (Aber et al., 1998) . It has been already documented that N leaching from the soils of spruce forests in Bohemian Forest is interconnected with an acceleration of N transformation and mineralization and faster decomposition (Vaněk, 2004; Skopcová & Šantrůčková, 2006) but less is known about an effect of understorey vegetation on the decomposition rate and N mineralization.
After litter fall, there is a rapid loss of soluble material followed by the relatively rapid disappearance of starch and cellulose compounds. It is accompanied with relative accumulation of N in the remaining material leading to a decrease of C/N ratio, which affect decomposition rate of structural material . Rates of mass loss have been related to the litter quality and environmental variables, from which moisture and temperature are of major importance (Stott et al., 1986) . Indices of litter quality include concentration of elements or various classes of structural and nonstructural material. Initial litter quality also influences residue N dynamic . Material rich in N and low in lignin generally decays rapidly, with much of N being mineralized and, vice versa, litter low in N and rich in lignin requires additional N and decomposition is not followed by N release into the soil (Meentemeyer, 1978) . Decomposition of spruce needles rich in lignin is, therefore, slower than decomposition of herbaceous understorey leaves containing more cellulose, nonstructural material and less lignin like compounds. It is apparent that understorey vegetation, which is usually richer in nutrients than spruce needles, and its richness can significantly affect N transformation and N mineralization. Aber et al. (1990) demonstrated that decay rate and chemistry of material produced in decomposition processes can be predicted from the initial litter chemistry and (or) short-term litter decay data. Microbial activity in decomposing litter is controlled by substrate availability, temperature and moisture. Laboratory studies indicate that moisture and temperature have a greater effect when easily available C and N are mineralized, but C and N availability become the major limiting factors when structural material remains to be decomposed (Stott et al., 1986) .
The purpose of the present investigation was to assess the possible role of litter composition and quality on the nutrient release into the soil. Spruce needles and leaves of four species dominant in understorey of the spruce forests of the Bohemian Forest were chosen and decomposition rate, N and P release were measured at different temperatures in three month laboratory experiment.
Material and methods

Study site description
Plešné Lake and Čertovo Lake watersheds are situated at 48
• 47 and 49
• 10 N, and 13
• 52 and 13
• 11 E, respectively, at altitudes from 1030 to 1090 m a.s.l. . The Plešné Lake watershed is nearly completely covered with a 160 yearold Norway spruce forest with a small number of ash. The bedrock is composed of granites. The Čertovo Lake watersheds are covered with 90-150 year-old Norway spruce forests, with sparse white fir and European beech; the bedrock is predominantly composed of mica-schist (muscovite gneiss) with quartzite intrusions. Understorey of both of the watersheds is dominated by Avenella flexuosa, Callamagrostis villosa, Vaccinium myrtillus, Athyrium distentifolium (SVOBODA et al., 2006) . Soil types are mostly cambisols, podzols and litosols on steep slopes in the watersheds. • C in the summer months. Basic physico-chemical and biochemical properties of the soils are described by KOPÁČEK et al. (2002a, b) and VESELÝ (1994) .
Litter collection and experimental set-up Leaves from each of 4 species dominant understorey vegetation common in the watersheds, and spruce needles were collected in October 2003. In each watershed, freshly senescent litter was collected from understorey plants, spruce needles were shaken off branches, and litter from each species and watershed was mixed 1 to 1. Details of litter quality are presented in Table 1 . Prior incubation, fresh litter was stored in a cold room. Then 20 to 30 grams of fresh litter was wetted and incubated in 750 ml tightly closed flasks at 5, 10 and 15
• C for 114 days in three replicates. Respired CO2 was trapped into 1 N NaOH placed in baker on the surface of litter and measurements were performed each 14 days. At the end of incubation, litter was analyzed for mass loss, Ctot, Ntot, Ptot, water extractable C (DOC), Ntot (DN), NH4, NO3, and oxalate extractable phosphorus (Pox).
Litter quality measurements
Prior initiation and after finishing of the experiment, measures of litter quality were determined for each litter type and each incubation flask. Ctot, Ntot, Ptot and Pox were analyzed in air-dried and finely grounded litter. Ctot and Ntot were measured using an elemental analyzer (NC ThermoQuest, Germany), Ptot was determined by HNO3 and HClO4 digestion according to KOPÁČEK & HEJZLAR (1993) . Pox was determined in by extraction 0.5 g of litter with 50 ml of acid ammonium oxalate solution (0.2 M H2C2O4 + 0.2 M (NH4)2 C2O4 at pH 3) according to KOPÁČEK & HEJ-ZLAR (1993) . Water extractable compounds were extracted from the initial litter and immediately after finishing of the incubation step by step in cold water (water : litter, 10 : 1, v/w, 30 min at 20
• C ) and hot water (water : litter, 10 : 1, v/w, 16 h at 80
• C). Then the extracts were mixed in 1 : 1 ratio and DOC and DN were determined on TOC analyzer (SKALAR FORMACS HT ), NH4 and NO3 using flow injection analyzer (Foss Tecator 5042, Sweden). DON was calculated subtracting sum of NH4 and NO3 (DIN) from DN. CO2 evolved from the litter was trapped in 1 M NaOH and determined by volumetric titration. All results further reported in this paper are expressed on dry weight basis. All measurements except for Ctot, Ntot and Ptot were performed in duplicate for each incubation flask and mean value from each flask was used for statistical evaluation. Ctot, Ntot and Ptot were measured in mixed samples from the three replicates.
Statistical evaluation
Decay rate was calculated subtracting respired C-CO2 from initial Ctot and the values were fitted to the first order kinetic model (ABER et al., 1990; GraphPad, Prism4) to estimate decomposition rate constant (k). To estimate release of extractable nutrients during the incubation, the initial and final concentration of nutrients were expressed per one gram of initial weight of litter and the initial concentration was subtracted from the final concentration.
Results and discussion
Freshly senescent leaf litter had lower content of N, P and K showing on nutrient re-allocation from senescent leaves to storage organs (Tab. 1). The nutrient re-allocation is an important strategy used by plants to conserve nutrients (Chapin & Kedrowski, 1983; Cote et al., 2002) but it affects litter quality, which consequently affects decomposition rate and nutrient availability. Nutrient re-allocation has been documented for wide spectrum of herbs, grasses, deciduous and evergreen trees and its efficiency usually increases with decreasing nutrient availability (Chapin & Kedrowski, 1983; Enoki & Kawaguchi, 1999) . Fern and grasses displayed higher nutrient re-allocation than blue berry and no reallocation was found in spruce needles (Tab. 1). N and P content in senescent needles was event higher than in green needles. The senescent needles were sampled from trees invaded by bark beetle and the tree infection could restrict nutrient re-allocation. Even though no re-allocation of nutrients was found in the spruce needles, their N, P and P ox content were lower than in the other litter. The senescent leaves and needles did not differ in C tot but spruce needles and Callamagrostis leaves had lower content of N tot as compared the others. The leaves and needles did not contain detectable amount of DIN and water extractable DN mainly comprised of DON. The highest content of DON was found in the grass leaves (from 13 to 14% of N tot ), the lowest one in the spruce and fern litter (from 3 to 4%). Similar pattern was found for DOC. DOC/DON ratio of dissolved organic matter was very high, over 70 in four out of five cases, showing on a prevalence of soluble carbohydrates or soluble polyphenols. DOC/DON ratio of was only about 19 in the Avenella leaf litter indicating higher contribution organic N compounds. The leaf litter distinguished also in P tot and P ox (Tab. 1). The spruce needles were generally poor in both P tot and P ox . The fern litter was rich in P tot but poor in P ox Decomposition rate and nutrient release Explanations: A mean values from 1 to 3 year old needles. Table 2 . Decomposition rate constant (k, d −1 ) of the spruce needles and leaves of four species dominant in understorey vegetation of the Čertovo Lake and Plešné Lake watersheds. The needles and leaves were incubated for three months at three different temperatures and mineralization rate was determined every two weeks. C mineralized was subtracted from the initial Ctot and the C remained was fitted to the first order kinetic model (GraphPad, Prism4). Mean decomposition constant averaged over the temperatures and mean half decay time (t 1/2 = 0.693/k) are also given.
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Incubation at temperature ( • C) showing the low availability and firm binding of P. Avenella litter, on the contrary, was very rich in P ox (Tab. 1). Decomposition described by decomposition rate constant (k) was the fastest for the fern (Athyrium alpestre) and decreased in order: Callamagrostis villosa > Vaccinium myrtillus > Avenella flexuosa > spruce needles (Tab. 2). During the incubation period, about 15% of the fern C tot and 5% of the spruce needle C tot were mineralized to CO 2 (Tab. 3). Slow decomposition rate of the spruce needles is generally explained by high content of lignin and phenolic compounds. We suggest, however, that not only high content of phenolics but also low P and N availability could limit the decomposition. Content of total phenols, water soluble phenols, and water soluble tannin capacity is more than one order of magnitude lower in the spruce needles as compared to blue berry (Wardle et al., 2003) , but the decomposition of the blue berry leaves that are rich in N tot , P tot and P ox was much faster (Tab. 2).
The decomposition rate of all types of the litter was rather constant and temperature independent over the whole incubation period suggesting that the decomposition was mainly driven by litter quality, but not temperature (Knapp et al., 1983; Stott et al., 1986) . Estimated half decay time averaged over all temperatures ranged from 274 days for the fern to 967 days for the spruce needles. As the temperature dependence was so weak, data on a change in the litter chemistry given bellow are averaged across the temperatures.
An amount of water extractable N species and P ox after three months of incubation were lower in the spruce needles than in the other litter in coincidence with nutrient content in the litter at the beginning of the experiment and with the decomposition rate (Tab. 4). Amount of DN in the spruce needles after the S502 H. Šantrůčková et al. Decomposition rate and nutrient release incubation was from two to more than ten fold lower than in the other litter and the difference in NH 4 was even higher. Amount of NO 3 produced during the decomposition of all types of litter was very low, at least by one order of magnitude lower than NH 4 . Comparing to the N tot content, only about 5% of N tot was extracted by water as DN from the spruce needles, from 10 to 20% from the blue berry and fern and about 40 to 50% from the grasses (Tab. 4). While DN from the spruce needles contained only negligible amount of DIN, DN of all other species contained 50% and more DIN in DN. Contribution of P ox to P tot displayed similar trend as contribution of DN in N tot ; the smallest proportion of P ox was detected in the spruce needles (8.7%) and the highest one in the grasses of which P tot comprise of about 40% of P ox (Tab. 3). C/N and C/P molar ratios after incubation closely related to the initial C/N and C/P ratios but they were shifted in dependency on a type of the litter (Fig. 1) . C/N ratio always decreased during the decomposition, which is in good agreement with widely documented decrease of C/N ratio in the early stage of litter decomposition (Osono & Takeda, 2005) . The decrease in C/N ratio is usually ascribed to the immobilization of N from the adjacent soil or from input by throughfall (Tietema, 1993) . In our experiments, however, the litter has no contact with the soil and the only source of additional N could be N 2 fixation from the atmosphere. However, N 2 fixation in the litter of spruce forest is obviously low (Šimek, unpublished results). A balance of chemical compound release calculated from our measurements suggests that the decrease in C/N ratio was caused by mineralization of organic compounds and by release of CO 2 into the atmosphere, while N was left behind either in mineral or organic form (see bellow).
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CO 2 released during early stage of decomposition mostly originates from available soluble compounds; from soluble carbohydrates, cellulose and hemicellu- Correlation among final C/N ratio and mass loss (A), mineralization rate (CO 2 ; B), microbial activity (DOC + CO 2 ; C), water extractable carbon (DOC; D), organic nitrogen (DON; E), ammonium (F), nitrates (G) and oxalate extractable P (H) in the spruce needles and leaves of four dominant species in the understorey vegetation of the Čertovo Lake and Plešné Lake watersheds after three month decomposition.
lose or from aminoacids (McClaugherty et al., 1985) . However we do not assume amino acids being an important source of C in our experiment. In the senescent leaves (i) re-allocation of N was observed in all leaves but needles and (ii) organic N might form strong complexes with tannins that are difficult to mineralize (Northup et al., 1995) . This is supported by an absence of relationship between CO 2 production in first two weeks of incubation and DON in the initial leaf litter (data not shown). During the incubation, the available C was mineralized and structural material dominated by lignin like Decomposition rate and nutrient release S505 Table 4 . Change in concentration of extractable compounds during three month incubation of the spruce needles and leaves of four species dominant in understorey vegetation of the Čertovo Lake and Plešné Lake watersheds at 5 • C, 10 • C and 15 • C. The initial and final concentration of the compounds were expressed on initial weight basis and then subtracted. Data from each temperature and data averaged over the temperatures are given. compounds remained to be decomposed. After the incubation, therefore, the C/N ratio was more affected by lignin like compounds and reflected more lignin to N ratio, which is closely related to the decay rate and nutrient release Aber et al., 1990; Scott & Binkley, 1997) . This explains the fact that CO 2 , DOC, DN, NH 4 and P ox did not correlate with the initial C/N ratio of the litter but did with C/N after incubation (Fig. 2) . There was no regular shift in C/P ratio during the incubation. Final C/P was mostly close to the initial value except for the grass litter which was enriched by P after the incubation. Nutrient release and decay rate decrease with increasing lignin to N ratio has been reported Aber et al., 1990; Osono & Takeda, 2004) . Our results confirm it. DIN (NH 4 and NO 3 ) in the litter after incubation decreased with increasing C/N ratio while DON did not display any dependency (Fig. 2) . The concentration of mineral forms of N did not change at C/N ratio above 32, but increased exponentially after C/N ratio felt below a value of about 32 indicating the critical value of C/N ratio when microbial N mineralization exceeds N accumulation. This was for the fern, blue berry leaves and Avenella. The ratio of 32 is slightly higher than the ratio from 25 to 30 reported byTakeda (1998) for decomposing leaves of temperate trees. The correlation with C/N was tighter for ammonium than for nitrates and amount of ammonia extracted from the litter after incubation was by two orders in magnitude higher than that of nitrates (Fig. 2) . This is because ammonium is primary product of organic matter ammonification and nitrates originate mainly from ammonium transformation in nitrification processes. The results show that nitrification was much slower that ammonification in our experiment and that nitrification was enhanced by concentration of ammonium.
C mineralization decreased linearly with an increase of C/N ratio (Fig. 2) as distinct from exponential decrease of DIN suggesting that produced mineral nitrogen is not assimilated into microbial biomass but is released in excess when C/N felt bellow critical value of Table 5 . Potential amount of nutrients that can be released per square meter of the watershed from the spruce needles and leaves of four species dominant in understorey vegetation of the Čertovo Lake and Plešné Lake watersheds during three month of decomposition. The mean over three investigated temperatures (5 • C, 10 • C and 15 • C) are given. The nutrient release was estimated form the vegetation cover at the Čertovo Lake and Plešné Lake watersheds (SVOBODA et al., 2006) 32. As a result, risk of N leakage to the lower soil horizons increases. This might enhance N discharge from the watershed, if the N rich plant species becomes dominant and N assimilation either by plant or by mycorrhiza and free living microflora is restricted. In coincidence with the other extractable compounds, amount of P ox was negatively related to C/N ratio (Fig. 2) . P ox contributed to P tot in the understorey leaf litter by 20 to 40% showing, similarly to N, fast release of P from this litter. In the natural conditions, extractable N and P can be washed out by rain, surface litter becomes depleted in N and P, and decomposition rate of remaining organic compounds can be nutrient limited in the later stage of decay. Based on these results and on the finding that decomposability of structural compounds is faster than was believed in the past (Gleixner et al., 2001) we suggest that slow decomposition rate of plant debris on the forest floor in the late stage of decomposition is driven more by nutrient limitation than low decomposability of structural compounds. All the measured extractable compounds represent microbial activity and CO 2 and NH 4 are solely products of heterotrophic microbial activity. DOC and DN were extracted by cold and hot water in our experiments and hot water extractable C, which is mainly of microbial origin (Ghani et al., 2003) , comprised major part of DOC (results are not shown). Microbes transform consumed C into CO 2 and organic compounds in a ratio which is not constant (Šantrůčková et al., 2004) and, consequently, microbial transformation can be more exactly described by measuring of both, CO 2 and compounds of microbial origin. In the present study, DOC and C min were negatively correlated to C/N ratio and sum of DOC and CO 2 was related to C/N even more tightly confirming that the sum of DOC and CO 2 describes microbial activity better than CO 2 or DOC alone (Fig. 2) .
During the decomposition, an amount of extractable compounds in the litter was changed as a result of microbial decomposition (Tab. 4). Amount of DOC produced during decomposition was lower than DOC consumed in all cases, butAvenella, resulting in a decrease of DOC during the three month incubation. It indicates mineralization of easily available C compounds followed by a decrease of C availability and microbial biomass. DOC increased during the decomposition of Avenella leaves. The increase cannot be explained by slow decomposition rate (see Tab. 2). It is more likely that microbial C assimilation was higher on Avenella leaves compared to the other litter as a consequence of higher content of DN and P ox in the leaves. In these conditions, microbial growth was not restricted and more C could be built into microbial biomass and less mineralized to CO 2 .
Concentration of DN increased during the incubation, due primarily to an increase of NH 4 concentration (Tab. 4). The highest amount of NH 4 was released from the grass leaves and only half of the amount of NH 4 was released from the blue berry and fern leaves. The amount of NH 4 released from the spruce needles was lower even by two orders of magnitude. P ox increased during the incubation similarly to DN but the difference between the leaves and needles was not so high (Tab. 5). The change in DOC, DON, DIN and P ox resulting from microbial activity represent compounds, which are either easily available for further microbial transformation or can be washed out down to the soil profile. They represent compounds that enter every year the spruce forest at the end of the vegetation period and during the winter. They cannot directly serve as a source of nutrients for plants at low temperatures, but they can fasten microbial activity or enhance nutrient leaching from the organic layer during the winter. Our study on N assimilation and mineralization clearly show that N Decomposition rate and nutrient release S507 transformation processes can run at the temperatures close to zero (Skopcová & Šantrůčková, 2006) .
Regardless decomposition rate, Avenella and Calamagrostis leaves induced the highest microbial activity and production of DIN and P ox (Tab. 5). Fiala et al. (2005) observed, that Calamagrostis villosa efficiently accumulates N in the biomass and can in this way reduce N losses from ecosystem during the growth season. Our results further suggest that dead grass leaves release the accumulated N in the form of DIN, mainly NH 4 into the soil in the early stage of decomposition and can temporarily increase NH 4 flux into the soil in autumn and winter period. In this period, NH 4 can be transformed to NO 3 in nitrification processes that can run even at zero temperature (Skopcová & Šantrůčková, 2006) . The risk of washout of NO 3 produced in cold period is high because of very low plant and microbial demand and high NO 3 mobility.
Using data on vegetation cover (Svoboda et al, 2006) and average annual needle fall (Cudlin, unpublished data), potential nutrient flux rate in the early stage of the litter decomposition per square meter of Plešné Lake and Čertovo Lake watersheds was estimated (Tab. 5). Nutrient flux from the leaf litter of particular species of dominated understorey vegetation was comparable or even higher than the flux from the spruce needles. DIN from the understorey vegetation contributed to the total DIN flux from the litter fall by more than 95% and was comparable to the input from N deposition (Kopáček et al., 2002b) . DIN flux from litter fall in the Čertovo Lake watershed soil was higher than in the Plešné Lake watershed soil due mainly to high vegetation cover of Calamagrostis villosa.
The present data show that larger development of understorey vegetation in the watershed saturated by N can enhance a risk of N leaching from the litter layer.
